The influence of streamline curvature on small-scale turbulence and vertical mixing in stratified fluids is the subject of this study. The roles of curvature and stratification in enhancing and suppressing turbulent mixing are explored using second-moment closure for turbulence. Governing equations for second moments are expressed in generalized orthogonal curvilinear coordinates, from which, through a series of approximations, simplified expressions are derived for second moments in the limit of small streamline curvature. The governing equations are then used to obtain a quasi-equilibrium turbulence model suited for application to atmospheric and oceanic mixed layers. A typical model application is illustrated by simulation of stratified flows over two-dimensional, idealized mountains and valleys. The limit of local equilibrium is further invoked to derive semi-analytical results for the enhancement and suppression of vertical'turbulent mixing under the combined influence of stratification and curvature. It is shown that stabilizing curvature can drastically suppress turbulence even when the stratification is strongly destabilizing. Conversely, under strong stable stratification that would otherwise lead to total suppression of turbulence, destabilizing curvature can keep turbulence alive. Streamline curvature is also shown to significantly modify the Monin-Obukhov similarity laws for momentum and heat fluxes in the constant flux region of the atmospheric boundary layer. Finally, the need for observational data on curvature effects on mixing in stratified flows either in the laboratory or in flows over topography in the oceans and the atmosphere is highlighted.
INTRODUCTION
The effects of streamline curvature and gravitational stratification acting together on turbulence in a mixed layer is the subject of this paper. This problem is of considerable geophysical interest in mesoscale flows over topography. The flow of stably stratified atmosphere over mountains and valleys leads to the generation of strong internal gravity waves, which can break aloft and lead to a strong divergence of momentum flux. Consequently, mountains can exert a large drag on the atmosphere and can significantly influence the skill of medium-range weather forecasts. More accurate mountain drag parameterization in medium range weather prediction models could improve their forecast skill. The momentum flux due to gravity waves propagating upward from the troposphere is also an important factor in the dynamics of the middle atmosphere. In the oceans, too, it might be important to account for curvature effects in understanding and modeling of flows over seamounts, especially those straddling energetic streams (for example, the Emperor seamounts in the Kuroshio's path). Therefore a better understanding of flow over topography is of some importance for many practical reasons.
Traditionally, in considering flows over topographic changes, not much importance has been given to accurate parameterization of turbulence and its generation and dissipation in the atmosphere. Most often, rather arbitrary stability dependent mixing coefficients have been used in simulations of such flows. The influence of the atmospheric boundary layer and, to some extent, the effect of rotation has also been traditionally ignored. This is understandable beCopyright 1990 by the American Geophysical Union.
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0148-0227/90/90J C-00489 $05.00 cause of the focus on the low-drag regime, in which the waves do not break and therefore turbulent mixing regions do not form in the flow aloft. However, in the so-called high-drag regime, the intense turbulent regions created in the lee of mountains by breaking gravity waves call for a more careful look at the turbulence parameterization itself. In any event, the turbulence in the atmospheric boundary layer flowing over the topography itself needs to be taken into account in both low-and high-drag regimes. Therefore a careful examination of the behavior of turbulence in stratified flows over topography is helpful to our understanding of such flows.
At a first glance, one might be tempted to ignore the effect of surface curvature on turbulence in stratified flows over topography. It is natural to assume that the curvature effects are secondary, while stratification exerts a dominating influence on turbulence. Such an assumption needs to be put to a rigorous test, however. It is not at all clear a priori that curvature effects are always negligible. There might be some situations where these effects become large, if not dominant. In any case, the effects should be quantified in order to make it possible to delineate circumstances where the effects of curvature are negligible and those where they are not. The governing parameters and their plausible ranges need to be explored. The object of this study is to do precisely that. We will employ second-moment closure of turbulence to investigate the properties of turbulence under the combined action of stratification and curvature. It is important to note that the additional terms that result in the equations do not present any closure problems. In fact, these terms do not have to be modeled. This certainly is a decisive advantage, since it removes the uncertainty of the precise manner of their modeling on the results. The interpretation of the effects of curvature therefore becomes rather straightforward.
GOVERNING EQUATIONS
It is convenient and appropriate to start an investigation of the effects of flow curvature on turbulence by rewriting the governing equations in generalized orthogonal curvilinear coordinates. It is then possible to proceed in an orderly fashion from the case of arbitrary curvature to the geophysically important case of small curvature. The derivation of the general form of these equations is necessarily cumbersome and is best omitted here. We will therefore present these equations without any derivation, making note of the fact that the turbulence closure approximations have already been incorporated into these equations (see Mellor and Yarnada [1982] and Galperin et al. [1988] for a discussion of these approximations in particular and second-moment closure in general). We have also ignored any implicit curvature terms in the Rotta approximation for pressure-strain covariance terms (see Appendix A). It is straightforward though lengthy and time consuming for the reader to derive these equations by starting from momentum and heat balance equations in orthogonal curvilinear coordinates and using standard procedures for derivation of equations for second moments of turbulence quantities [see Hinze, 1975 In the equations given above for second moments, the advective terms have been ignored. In some mountainous terrain, the surface slope might be large enough to warrant inclusion of these terms. It is then necessary to appeal to the set of equations (1)-(3). Even then, the subset of equations (6)-(8) may be regarded as a first approximation. In most situations, however, it should be possible to utilize the simpler subset of (6)-(8) to quantify curvature effects. We can now take advantage of the fact that in most cases, it is possible to ignore the gradients in all but the direction perpendicular to a solid surface, i.e., make the boundary layer approximation. Thus ignoring all spatial derivatives except in direction 3, i.e., (39) and (38) flow over mountains and valleys using these equations. But first, in the next section, we will present some simple analytical results in the limit of local equilibrium, which help shed some light on the effect of curvature on turbulence in the presence of stratification and help quantify these effects.
LOCAL EQUILIBRIUM APPROXIMATION
The limit of local equilibrium, when the turbulence production balances dissipation, is often well approximated in geophysical boundary layers and therefore is useful for understanding the behavior of turbulence under different external forcing. In this limit, the terms on the left-hand side of (15) 
CURVATURE EFFECTS IN FI•OW OVER TOPOGRAPHY
In this section, we will proceed to incorporate curvature effects in simulations of flow over two-dimensional mountains and valleys to illustrate the application of the model to geophysical flows and the utility of the turbulence closure incorporating curvature effects. These simulations serve rather well the limited purpose of demonstrating the simplicity of incorporating curvature effects in atmospheric boundary layer calculations. The investigation of more realistic topography is desirable but beyond the scope of this paper.
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We will use a level 2• model consisting of (15), (16), (45), and (46). We will, however, ignore curvature terms in turbulence diffusion in (15) and (16). This is inconsequential because the diffusion terms are in most cases rather small anyway. For convenience, we will also align the local coordinate in the local direction of flow when calculating shear production in these equations, which can then be written as Bradshaw, 1973; Mellor, 1975; So, 1975] . Although gravitational stratification is rather negligible in engineering devices, it is nevertheless interesting to study the effect of stratification on flows over curved surfaces.
The governing equations (55) and (56) ary layer, both in the limit of neutral stratification and for arbitrary stratification was given previously. However, it is desirable to expand these functions for weak stratification effects. Therefore we put 
